In the course of a crystallographic study of a 132 nt variant of Aquifex aeolicus 6S RNA, a crystal structure of an A-form RNA duplex containing 12 base pairs was solved at a resolution of 2.6 Å . In fact, the RNA duplex is part of the 6S RNA and was obtained by accidental but precise degradation of the 6S RNA in a crystallization droplet. 6S RNA degradation was confirmed by microscopic observation of crystals and gel electrophoresis of crystallization droplets. The RNA oligomers obtained form regular A-form duplexes containing three GoU wobble-type base pairs, one of which engages in intermolecular contacts through a ribose-zipper motif at the crystal-packing interface.
Introduction
Crystal structures of large RNAs such as ribosomal subunits of bacteria (Wimberly et al., 2000; Ban et al., 2000; Yusupov et al., 2001; Harms et al., 2001) and eukaryotes (Ben-Shem et al., 2010; Rabl et al., 2011; Klinge et al., 2011) , RNase P (Torres-Larios et al., 2005; Reiter et al., 2010) , group I (Adams et al., 2004; Golden et al., 2005; Stahley & Strobel, 2005) and group II (Toor et al., 2008) introns, ribozymes (Scott, 2007) and riboswitches (Edwards et al., 2007) have been solved in recent years. However, the crystallization of large RNAs is still a challenging task. The largest problem, shared not only by crystallographers but also by most RNA scientists, is the degradation of RNA by ribonucleases (RNases) in the environment and by spontaneous cleavage resulting from alkaline or metal-ion-induced hydrolysis.
In the present study, we aimed to solve the crystal structure of 6S RNA, which is a highly abundant bacterial noncoding RNA that regulates transcription through interaction with RNA polymerase (Wassarman & Storz, 2000; Wassarman, 2007) . We successfully obtained large single crystals of a 132 nt variant of 6S RNA from Aquifex aeolicus. However, these were subject to damage by X-ray radiation and only diffracted to low resolution. Two months after setting up crystallization droplets, we obtained a different type of crystal that diffracted to 2.6 Å resolution. Surprisingly, the crystal was composed of a 12 base-pair (bp) RNA duplex which is part of the terminal stem of the 6S RNA variant analyzed here. This means that the 6S RNA was degraded in the crystallization droplet. In native A. aeolicus 6S RNA, the 12 bp RNA duplex represents an internal helical segment that is extended by another 10 bp towards the 5 0 and 3 0 ends (see Fig. 1 for details).
Here, we confirm the 6S RNA degradation process by microscopy and gel electrophoresis and detail the crystal structure of the A-form RNA duplex released as a consequence of the degradation.
Materials and methods

Crystallization
A major portion of the 6S RNA gene from A. aeolicus (132 nucleotides; see Fig. 1 for details) was cloned into plasmid pUC19 under control of a T7 promoter and followed by an HDV ribozyme (Mö rl et al., 2005) . The vector was linearized with BamHI before in vitro transcription by T7 RNA polymerase. After transcription and ribozyme self-cleavage, the transcribed RNA was purified by 10%(w/v) polyacrylamide gel electrophoresis (PAGE) under denaturing conditions (8 M urea), desalted by ultrafiltration and dried by centrifugal concentration. The RNA pellet was dissolved in DEPC-treated RNase-free water and stored at 193 K.
Screening of crystallization conditions was performed by the sitting-drop vapour-diffusion method. Crystallization droplets were prepared by mixing 0.1 ml 0.5 mg ml À1 RNA solution and 0.1 ml of crystallization solutions from several homemade and commercial screening kits using a Mosquito crystallization robot (TTP LabTech, Melbourn, England). Crystallization plates were incubated at 293 and 310 K.
Plate-shaped crystals (0.2 Â 0.1 Â 0.01 mm in size) grew in 1 d at 293 K and in 3 d at 310 K in conditions consisting of 50 mM sodium cacodylate pH 7.0, 700-1500 mM lithium acetate, 25-30%(v/v) PEG 3350 (see Fig. 2 ). However, the crystals started to degrade within the next 3 d at 310 K and within the next week at 293 K and completely dissolved within about the next month at both temperatures. Therefore, the plate-shaped crystals were mounted in nylon Cryo-Loops (Hampton Research, Aliso Viejo, California, USA) and stored in liquid nitrogen immediately after appearing in crystallization droplets.
Two months after the 6S RNA crystals had disappeared from the crystallization droplets, rod-shaped crystals (0.3 Â 0.05 Â 0.02 mm in size) were obtained only at 310 K (see Fig. 2 ). The crystals were physically much stronger than the plate-shaped crystals mentioned above. The crystals were scooped up using cryoloops and flash-cooled in liquid nitrogen before conducting the X-ray experiment.
Electrophoresis
The size of the RNA fragments in the crystallization droplets was analyzed by 10% denaturing PAGE. The 6S RNA fragment stored for crystallization experiments (132 nt) and an RNA oligonucleotide (22 nt) were used as size markers. Crystallization droplets incubated at 310 and 293 K for three months were mixed with a loading buffer consisting of 8 M urea, 0.25%(w/v) bromophenol blue, 0.25%(w/v) xylene cyanol and were applied onto the gel. Gel electrophoresis was carried out at room temperature and 100 V. The gel was stained with 0.05%(w/v) toluidine blue O.
Data collection
X-ray data were collected from the plate-shaped and rod-shaped crystals at 100 K using synchrotron radiation on beamlines ID29 and ID23-1, respectively, of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Diffraction images were recorded on a CCD detector using 1 oscillation and 1 s exposure time per frame. The plate-shaped crystal diffracted to less than 4 Å resolution. Radiation damage of the crystal during the X-ray experiment was clearly visible, as shown in Supplementary Fig. S1 1 . The rod-shaped crystal diffracted much better (2.6 Å resolution) than the plateshaped crystal without suffering serious radiation damage.
The data sets were processed with CrystalClear (Rigaku Americas, The Woodlands, Texas, USA). The plate-shaped and rod-shaped Proposed secondary structure of the major portion (132 nt) of A. aeolicus 6S RNA used in this study. Compared with native A. aeolicus 6S RNA , the 5 0 -terminal 19 nt and the 3 0 -terminal 15 nt were replaced with two G-C base pairs in this variant. The 12 bp RNA duplex obtained by degradation of the 132 nt RNA and crystallized in this study is highlighted by the red box.
Figure 2
Microscopic observations of a crystallization droplet incubated at 310 K after (a) 3 d, (b) one week and (c) three months. crystals belonged to space groups C2 and P4 3 , respectively. It was estimated from the unit-cell volume that there was one 6S RNA in the asymmetric unit of the plate-shaped C2 crystal. However, the asymmetric unit of the rod-shaped P4 3 crystal was too small to contain one 6S RNA, suggesting that the crystal was made of some other RNA molecule(s) in the crystallization droplet.
The obtained intensities were converted to structure-factor amplitudes using the program TRUNCATE from the CCP4 suite (Winn et al., 2011) . The statistics of data collection and the crystal data are summarized in Table 1 .
Structure determination and refinement of the rod-shaped crystal
The rod-shaped P4 3 crystal had the same space group and similar unit-cell parameters as the crystal of Thermus flavus 5S rRNA domain A (Betzel et al., 1994) . Therefore, the crystal structure of the 5S rRNA domain A (PDB entry 353d) was used as a starting model for phase determination with the molecular-replacement program AMoRe (Navaza, 1994) . The molecular structure was constructed and manipulated with Coot (Emsley & Cowtan, 2004; Emsley et al., 2010) . The atomic parameters were refined using CNS by a combination of simulated annealing, crystallographic conjugate-gradient minimization refinement and B-factor refinement (Brü nger, 1992; Brü nger et al., 1998) . The statistics of the structure refinement are summarized in Table 1 . Molecular drawings were made using PyMOL (DeLano, 2002) . The local base-pair parameters and pseudo-rotation phase angles of ribose rings given in Supplementary Table S1 were calculated using the program 3DNA (Lu & Olson, 2003; Olson et al., 2001) . The atomic coordinates and experimental data have been deposited in the Protein Data Bank (PDB) with code 4jrt.
Results and discussion
Degradation of 6S RNA in crystallization droplets
Gel electrophoresis confirmed that the 6S RNA was degraded in the crystallization droplets after incubation for three months at 310 and 293 K (see lanes 3 and 4 of Fig. 3) , despite the fact that the 6S RNA was carefully prepared to avoid RNase contamination (see the single band in lane 2 of Fig. 3 ). For the crystallization droplet incubated at 293 K a ladder-like pattern was observed, but a major band corresponding to intact 6S RNA (132 nt) was still present. However, in the crystallization droplet incubated at 310 K the 6S RNA was completely degraded and only a few bands shorter than 22 nt were observed. Since the rod-shaped crystal was only obtained after three months at 310 K, the crystal was anticipated to consist of one or some of these short RNA fragments. RNase contamination of sitting-drop crystallization plates and/or crystallization buffers is difficult to exclude completely, but RNase degradation usually leads to complete conversion of the RNA to nucleotides. However, the observed crystals instead suggested that site-specific RNA cleavage corresponding to local alkaline hydrolysis had occurred. This has previously been observed and discussed for crystals of yeast tRNA Asp and is now regularly exploited by use of the 'in-line probing' method (Mandal & Breaker, 2004) .
Structure of the terminal stem of the 132 nt 6S RNA variant
The asymmetric unit of the rod-shaped crystal consists of a short RNA duplex obtained as expected from the degradation pattern (see Fig. 3 ). Electron densities confirmed that the RNA duplex represents the 12 terminal base pairs of the 6S RNA variant shown in Fig. 1 . This suggests that this terminal stem region is more resistant to degradation than the other parts of the molecule. The observed structure also results from the fact that among the multiple RNA fragments evident from gel electrophoresis, the particular sequence of this helical RNA Denaturing 10%(w/v) polyacrylamide gel electrophoresis. A 22 nt RNA oligonucleotide (lane 1) and the intact 132 nt 6S RNA transcript (lane 2) were used as size markers. jF obs j À jF calc j = P hkl jF obs j, where |F obs | and |F calc | are optimally scaled observed and calculated structure-factor amplitudes, respectively. } Calculated using a random set containing 10% of observations. fragment has a propensity to crystallize by forming favourable crystal-packing contacts (as described below).
The secondary and the three-dimensional structures of the RNA duplex are shown in Figs. 4(a) and 4(b), respectively. All residues adopt C3 0 -endo sugar puckers, suggesting that the RNA duplex is in the canonical A-form conformation, which is supported by the local base-pair parameters (see Supplementary Table S1 ).
In the duplex, nine canonical Watson-Crick base pairs (eight G=C and one A-U) are formed. In addition, three wobble-type (cis Watson-Crick) GoU base pairs are observed, each forming two hydrogen bonds: N1(G)-HÁ Á ÁO2(U) and O6(G)Á Á ÁH-N3(U). Water molecules form bridges between O4(U 4 ) and O6(G 21 ) and between O6(G 5 ) and O4(U 20 ) to stabilize the tandem wobble base pairs (see Fig. 4c ). The observed motif of tandem GoU base pairs is the most frequently found in ribosomal RNA sequences (noted as motif I in Masquida & Westhof, 2000) . Accordingly, the inclination and twist angles between the tandem U 4 oG 21 and G 5 oU 20 base pairs are higher and lower than the average values, respectively (see Supplementary Table 1 ).
The RNA duplex is similar to the T. flavus 5S rRNA domain A, which was used as a starting model for molecular replacement (Betzel et al., 1994; PDB entry 353d) , and to an RNA duplex containing tandem UoU base pairs (Baeyens et al., 1995; PDB entry 205d) . As mentioned in x2, the former structure (353d) has the same space group as and similar unit-cell parameters to the present RNA duplex. On the other hand, the structure 205d has similar unit-cell parameters but belongs to a different space group, P4 1 . Superimpositions of the phosphate-ribose backbones between the present structure and 353d structural communications Secondary structure (a) and crystal structure (b) of an A-form RNA duplex obtained by degradation of the 6S RNA variant in a crystallization droplet and hydrogenbonding interactions of the three wobble-type GoU base pairs observed in the duplex (c), including two water molecules (red spheres).
Figure 5
View of the crystal-packing interactions observed in the rod-shaped P4 3 crystal. The ribose-zipper motifs observed between two symmetry-related molecules (coloured red and green) are highlighted in (b). Detailed views are shown in Figs. 6(b) and 6(c). or 205d give root-mean-square deviations of 1.1 and 1.5 Å , respectively (see Supplementary Fig. S2 ).
Crystal packing
The intermolecular packing observed in the rod-shaped P4 3 crystal is shown in Fig. 5 . The A-form RNA duplexes pack head to tail and form endless helices along the crystallographic a and b axes. The duplexes also make perpendicular side-by-side packing interactions along the c axis according to the left-handed fourfold screw (4 3 ) symmetry operation. The 5S rRNA domain A and the RNA duplex with tandem UoU base pairs pack in a similar but slightly different manner in their P4 3 and P4 1 crystals, respectively (see Supplementary  Fig. S3 ).
Ribose-zipper motifs observed at the crystal-packing interface
The RNA duplexes interact via ribose-zipper motifs at the perpendicular side-by-side packing interface (see Fig. 6 ). Three canonical Watson-Crick base pairs, G 3 =C 22 , G 8 =C 17 and C 9 =G 16 , as well as a wobble-type U 4 oG 21 base pair, are involved in the interaction. Between C 22 =G 3 and G 8 =C 17 , a symmetrical G 3 oG 8 sugar edge-sugar edge base pair with two hydrogen bonds between N2-H and O2 0 (one of them is weak with a long distance) is formed (see Fig. 6b ). Between G 21 oU 4 and C 9 =G 16 , five hydrogen bonds are formed: N2(G 16 )-HÁ Á ÁO3 0 (U 4 ), O2(C 9 )Á Á ÁH-O2 0 (U 4 ), O2 0 (C 9 )-HÁ Á ÁO2 0 (U 4 ) [or O2 0 (C 9 )-HÁ Á ÁO2(U 4 )], O2 0 (C 9 )Á Á ÁH-N2(G 21 ) and O3 0 (C 9 )Á Á ÁH-N2(G 21 ) (see Fig. 6c ). The ribose-zipper motif between GoU and C=G base pairs in which U and C are at the internal positions is the most frequently observed geometry in crystal structures of small and large ribosomal subunits (Gagnon & Steinberg, 2002; Mokdad et al., 2006) . As seen from the geometry of the interaction, the G 21 residue shifts toward the shallow/minor groove and makes two hydrogen bonds to O atoms of the ribose (see Fig. 6c ). The wobble-type GoU base pair is known to be favourable for the formation of such a ribose-zipper motif between two cis Watson-Crick base pairs (Gagnon & Steinberg, 2002; Mokdad et al., 2006) . To illustrate this, the wobble-type GoC + (see the caption of Supplementary Fig. S4 ) and GoU pairs make ribose-zipper motifs in the two similar crystals mentioned above ( Supplementary Figs. S4 and S5 ).
Conclusions
RNA-RNA interactions are central to the intramolecular contacts leading to the folding and final architecture of large RNAs as well as to the formation of the regular intermolecular contacts necessary for precise packing of RNA molecules in crystal lattices. The main types of RNA-RNA contacts, in decreasing order of sequence requirements and specificity (Fritsch & Westhof, 2010) , are (i) Watson-Crick pairs between complementary strands, (ii) the GNRA-tetraloop families binding to specific Watson-Crick base-paired helical regions or a complex 11 nt motif (Cate et al., 1996) , (iii) A-minor contacts (Nissen et al., 2001) and (iv) the various classes of ribose zippers (Cate et al., 1996; Tamura & Holbrook, 2002) . Except for the first case, all of the interactions involve at least one shallow minor-groove side and, in the ribose zippers, the shallow minor grooves on the two interacting RNAs. For each of those types of interactions, examples exist in which such contacts mediate crystal packing. Complementary Watson-Crick base pairing occurs between anticodon triplets in the crystal contacts of yeast tRNA-Asp . GNRA tetraloops contact Watson-Crick base pairs, which was first shown in the crystal structure of a hammerhead ribozyme (Pley et al., 1994) . A-minor contacts are the main component of crystal contacts in the structures of complexes between aminoglycosides and fragments of the A site (François et al., 2005; Lescoute & Westhof, 2006) . The present crystal structure adds a further example of the importance of the packing between roughly perpendicular double-stranded RNA helices via the minor grooves of GoU and G=C pairs. Such types of contacts could be used in several biological systems, for example in The ribose-zipper motifs observed at the crystal-packing interface (Fig. 5b) are boxed in (a) and detailed views are shown in (b) and (c). The hydrogen bonds involved in the motifs are represented by dashed lines with distances in Å . the packing of helices during the encapsulation of genomic RNAs in viruses.
